Folylpolyglutamate synthase (FPGS) catalyzes the polyglutamation of folic acid, methotrexate, and pemetrexed to produce highly active metabolites. To characterize genetic variation in the FPGS gene, FPGS, have resequenced the gene in four different ethnic populations. Thirty-four single nucleotide polymorphisms were identified including five nonsynonymous coding single nucleotide polymorphisms that altered the FPGS protein sequence: F13L and V22I polymorphisms in the mitochondrial isoform of FPGS, and R466/424C, A489/ 447V, and S499/457F polymorphisms, which exist in both the mitochondrial and cytosolic isoforms. When expressed in AuxB1 cells, the A447V cytosolic variant was functionally similar to the wild-type cytosolic (WT Cyt) allozyme, whereas the R424C and S457F cytosolic variants were reduced by f2-fold in protein expression compared with WT Cyt (P < 0.01). The intrinsic clearance of glutamate was reduced by 12.3-fold (R424C, P < 0.01) and 6.2-fold (S457F, P < 0.01), whereas the intrinsic clearance of methotrexate was reduced by 4.2-fold (R424C, P < 0.05) and 5.4-fold (S457F, P < 0.05) in these two cytosolic variants when compared with the WT Cyt isoform. Additionally, the in vitro enzyme velocity at saturating pemetrexed concentrations was reduced by 1.6-fold (R424C, P < 0.05) and 2.6-fold (S457F, P < 0.01) compared with WT Cyt. AuxB1 cells harboring these same cytosolic variant allozymes displayed significant increases in the EC 50 for folic acid and in the IC 50 values for both methotrexate and pemetrexed relative to the WT Cyt form of FPGS. These observations suggest that genetic variations in FPGS may alter the efficacy of antifolate therapy in cancer patients. [Cancer Res 2007;67(18):8772-82] 
Introduction
Drugs that target the folate pathway such as methotrexate and pemetrexed are effective treatments for many hematologic malignancies and solid tumors (1, 2) . Both drugs are structural analogues of folic acid, both inhibit multiple enzymes in the folate pathway, and both require polyglutamation by folylpolyglutamate synthase (FPGS) for activation (3, 4) . FPGS catalyzes the addition of multiple glutamate molecules to compounds with the basic pteroylglutamate structure (5) such as tetrahydrofolate and many folate analogues. Polyglutamation of endogenous reduced folates is the cellular mechanism for retention and accumulation of these essential cofactors (6) . In general, polyglutamyl derivatives of endogenous reduced folates have a much higher affinity for tetrahydrofolate cofactor-requiring enzymes than their unpolyglutamated forms (7) . The same is true for most antifolates that are substrates for polyglutamation by FPGS. For example, although the K i of methotrexate for dihydrofolate reductase is not altered significantly by polyglutamation, its affinity for thymidylate synthase, glycinamide ribonucleotide formyltransferase, and aminoimidazolecarboxamide ribonucleotide formyltransferase is dramatically increased upon polyglutamation (8) . Similarly, pemetrexed also has dramatic increases in its affinity for thymidylate synthase, glycinamide ribonucleotide formyltransferase, and aminoimidazolecarboxamide ribonucleotide formyltransferase upon polyglutamation by FPGS (8) . Polyglutamation of methotrexate and pemetrexed also leads to prolonged cellular retention. The activity of FPGS has been characterized as a possible predictive factor for antifolate treatment in some patients with cancer. In children with acute lymphoblastic leukemia, accumulation of methotrexate polyglutamates in lymphoblasts is correlated with improved 5-year survival (9) and increased short-term eradication of lymphoblasts by methotrexate treatment (10) .
The human FPGS is 11.4 kb long, contains 15 exons and 14 introns, and is located on chromosome region 9q34.11 (11, 12) . Alternative translational initiation of exon 1 produces two proteins, the predominant 537-amino acid residue cytosolic protein, and the mitochondrial protein with additional 42 amino acid residues at the NH 2 terminus (13) . Both reduction of mRNA expression (14, 15) and spontaneous mutation of FPGS (16, 17) have been observed as mechanisms of resistance to antifolate treatment in cell culture.
Given the importance of polyglutamation on the clinical efficacy of antifolate drugs, it is important to examine the role of genetic variation in FPGS on the metabolism, pharmacokinetics, and pharmacodynamics of these drugs. Thus far, there have been no reports on the functional effects of polymorphisms in FPGS despite the fact that over 40 single nucleotide polymorphisms (SNP) are listed in the National Center for Biotechnology Information's dbSNP database. To address this issue, we have identified FPGS polymorphisms, most of which were previously unreported, by systematically resequencing the gene. We then focused on functionally characterizing the three cytosolic nonsynonymous coding SNPs (cSNP) observed. Our results indicate that two of the three cSNPs affected protein expression, in vitro substrate kinetics of the enzyme, and folate and antifolate efficacy in cells expressing the polymorphisms. 60 Mexican-American subjects (sample sets HD100CAU, HD100AA, HD100CHI, and HD100MEX) were obtained from the Coriell Cell Repository (Camden, NJ). All of these DNA samples had been anonymized by the National Institute of General Medical Sciences prior to being deposited, and all subjects had provided written consent for the use of their DNA for experimental purposes.
FPGS gene resequencing. Gene resequencing was done as previously described (18) . Specifically, all 15 exons, all exon-intron splice junctions, f1.0 kb of the 5 ¶-flanking region, all of the 5 ¶-UTRs (untranslated region), and a portion of the 3 ¶-UTR of FPGS were resequenced. PCR amplifications of areas to be resequenced were done for the 240 DNA samples. M13 ''tags'' were added to the 5 ¶-ends of each primer to make it possible to use dye primer sequencing chemistry. The sequences of all the primers used for this resequencing project are listed in the supplementary data. Amplicons were sequenced on both strands in the Mayo Molecular Core Facility and the sequence was analyzed as described previously (18) . To exclude PCRinduced artifacts, independent amplifications were done for those samples in which a SNP was observed only once, or for any sample with an ambiguous chromatogram. The FPGS consensus reference sequence used for comparison was NT_008470. 16 .
Expression of FPGS variants in AuxB1 cells. The wild-type cytosolic (WT Cyt) cDNA sequence for FPGS was initially cloned into the eukaryotic expression vector pCR3.1 (Invitrogen). The pCR3.1 WT Cyt FPGS expression construct was then used as the template for site-directed mutagenesis using circular PCR to create the variant constructs. The wild-type mitochondrial (WT Mit) FPGS was also generated as an additional expression construct. These constructs were then used as templates for PCR/TOPO TA cloning into pCRII TOPO (Invitrogen). The cDNAs were then excised from pCRII TOPO and cloned by restriction digestion (EcoRI and SalI) into the modified pIRES-EGFP vector (Clontech) kindly donated by L. Karnitz (Mayo Clinic, Rochester, MN). The primers used for cloning and mutagenesis are listed in the supplementary data (Table S1 ). This vector (pSF-GFP) allows the fusion of a 3xFLAG epitope at the NH 2 terminus of the protein as well as expression of GFP on the same cistron as FPGS to allow for normalization of transfection efficiency. Sequences of all constructs were confirmed by sequencing both strands of the insert.
AuxB1 cells grown in complete a-minimal essential medium with nucleosides [a(+)MEM; Sigma] were transiently transfected with expression constructs for WT Cyt and WT Mit FPGS, the variant cytosolic allozymes, and the empty pSF-GFP vector using LipofectAMINE 2000 reagent (Invitrogen). Specifically, 20 Ag of DNA was used to transfect 80% confluent AuxB1 cells in 100 mm plates as described in the vendor's instructions. Twenty-four to 48 h after transfection, the cells were harvested for in vitro or cell culture assays.
Detection and quantification of FPGS. AuxB1 cells transfected with the pSF-GFP FPGS allozyme expression constructs were harvested 24 h after transfection. Cells were homogenized in sonication buffer [0.1 mol/L Tris-HCl (pH 8.5), 10 mmol/L ATP, 25 mmol/L MgCl 2 , 10 mmol/L DTT, 100 Ag/mL leupeptin, 1 mmol/L phenylmethylsulfonyl fluoride, and 0.05% n-octylglucoside] and sonicated for 30 s at 30% power using a Branson sonifier 450. The homogenate was then centrifuged at 12,000 Â g for 15 min. The supernatant was assayed for protein concentration using the DC Protein Assay (Bio-Rad) and then used either for ELISA or Western blot.
ELISA was done to quantify the levels of FPGS protein in AuxB1 cell extracts. Immulon 2HB 96-well ELISA plates (Thermo Electron Corporation) were coated overnight at 4jC with AuxB1 protein extracts diluted to 10 Ag/mL in coating buffer (sodium bicarbonate buffer, pH 9.6). The 3xFLAG-BAP control protein (Sigma) was diluted in 10 Ag/mL of bovine serum albumin and used to generate a standard curve. After coating, the wells of the ELISA plate were incubated with blocking buffer (10% fetal bovine serum in PBS, 0.05% Tween 20) at 37jC for 2 h, then washed with PBS-T (PBS + 0.05% Tween 20) . The wells were then incubated with anti-FLAG M2-HRP antibody (Sigma) for 2 h at a dilution of 1:20,000 in PBS-T, and then washed with PBS-T. The peroxidase signal was detected using o-phenylenediamine dihydrochloride dissolved in Stable Peroxide Substrate Buffer (Pierce), followed by measurement of the absorbance signal at 450 nm using the SpectraMax 190 spectrophotometer (Molecular Devices Corporation). For normalization, and to correct for transfection efficiency, the level of GFP in each of the protein extracts was measured by fluorescence (excitation, 395 nm; emission, 507 nm) and compared with a standard of purified GFP protein (Sigma) using the Spectramax Gemini EM spectrofluorometer (Molecular Devices Corporation).
Western blot analysis was done by loading 10 Ag of transfected AuxB1 cell lysates onto a 4% to 15% gradient Tris/glycine/SDS-PAGE Ready Gel (Bio-Rad). After electrophoresis, proteins were transferred to polyvinylidene difluoride membrane and probed using both anti-FLAG M2-HRP antibody and anti-GFP-HRP antibody (Santa Cruz Biotechnology), followed by detection using the enhanced chemiluminescence Western blotting system (Amersham Pharmacia).
FPGS enzyme substrate kinetics. Approximately 150 to 350 Ag of total protein from AuxB1 cell lysates of FPGS allozymes was used to assay for the kinetics of either methotrexate, glutamic acid, or pemetrexed. Protein lysates were prepared via sonication in the same buffer mentioned above. Enzyme assays were done as previously described (19) . For all reactions, the basic assay buffer consisted of 50 mmol/L of Tris-HCl (pH 8. ]glutamic acid (10 mCi/mmol). All reactions were done in a volume of 0.12 mL at 37jC for 1 h. Reactions were then stopped by heating at 100jC for 3 min, followed by centrifugation at 12,000 Â g for 10 min to pellet the precipitate. The supernatant was then analyzed by high-pressure liquid chromatography (HPLC) to detect the formation of polyglutamates.
HPLC was done using a SIL-9A/SCL-6B autoinjector/controller and an LC-600 pump (Shimadzu). Fifty microliters of the sample was injected at a flow rate of 1 mL/min and separated by reverse phase HPLC on a Genesis C18 column (4.6 Â 250 mm; Jones Chromatography) using a 5% to 25% acetonitrile gradient in 20 mmol/L of ammonium acetate (pH 5.0) over 20 min followed by equilibration for 10 min in 5% acetonitrile/20 mmol/L ammonium acetate (pH 5.0). Compounds were detected by a tandem configuration of UV (SPD-10AV UV-Vis Detector; Shimadzu) and radiochemical (Packard Flow Scintillation Analyzer Model 500TR; Perkin-Elmer) detectors. Methotrexate and methotrexate polyglutamates (Schircks Laboratories) were used as standards for UV detection of methotrexate polyglutamate formation, whereas pemetrexed and pemetrexed polyglutamates (Eli Lilly and Co.) were used as standards for UV detection of pemetrexed polyglutamate formation.
Folate and antifolate activity in AuxB1 cells. For analysis of methotrexate and pemetrexed dose-response, AuxB1 cells were grown in 100 mm plates in complete a(+)MEM (with 10% dialyzed fetal bovine serum), then transiently transfected with pSF-GFP FPGS allozyme expression constructs. Cells were trypsinized after 24 h, washed and resuspended in a-minimal essential medium without nucleosides 
FPGS complementation and generation of FPGS-AuxB1 cell lines.
The ability of the FPGS allozymes to complement the FPGS mutation in AuxB1 cells was measured as previously described (20) . DNA (10 Ag) from the pSF-GFP FPGS allozyme expression constructs was used to electroporate 1 Â 10 6 AuxB1 cells for 15 ms at 370 V. The cells were then plated at a density of 5,000 cells/plate in 60-mm plates in either a(+)MEM or a(À)MEM (with 10% dialyzed fetal bovine serum) with G418 (1.2 mg/mL; three replicates each). They were allowed to grow for 14 days and then the colonies were stained with Coomassie blue dye and counted. The percentage of colonies formed in a(À)MEM was compared with those formed in a(+)MEM. For generation of cell lines, the same electroporated AuxB1 cells were plated at a density of 250 cells/plate in 100 mm plates. After 14 days of G418 selection in a(+)MEM, colonies were picked and expanded. Expression of FPGS in different cell lines was examined by Western blot.
Data analysis and statistics. All polymorphisms observed during the resequencing were tested and found to be in Hardy-Weinberg equilibrium. Linkage disequilibrium (LD) analysis was done as described by Hartl and Clark (21) and Hendrick (22) by calculating D ¶ values. Values for p, u, and Tajima's D were determined as described by Tajima (23) . Haplotype analysis was done as described by Schaid et al. (24) . The FPGS enzyme kinetic data were fitted by nonlinear regression to the Michaelis-Menten equation: v = V max Â S / (K m + S), where v is the rate of reaction, V max is the maximum velocity of the reaction, S is the substrate concentration, and K m is the Michaelis constant (apparent K m ); or a modified Michaelis-Menten
, where CL int is intrinsic clearance. The kinetic data was modeled using WinNonMix version 2.0.1 (Pharsight). The folic acid, methotrexate, and pemetrexed dose-response data was analyzed using GraphPad Prism version 4.0.3 (GraphPad Software). All t tests were done using GraphPad Prism version 4.0.3. 
Nucleotide positions are numbered as in Table 1 . Variant nucleotides compared with the ''reference sequence'' (i.e., the most common sequence in African-American subjects) are highlighted as white on black. Initial haplotype designations (*1, *2, *3, and *4) were made on the basis of amino acids that vary, with the WT cytosolic sequence designated *1. Subsequent assignments/letter designations were made within ethnic groups based on decreasing frequencies. Abbreviations: AA, African-American; CA, Caucasian-American; HCA, Han Chinese-American; MA, Mexican-American.
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Human FPGS gene resequencing. The systematic identification of genetic variation in FPGS was achieved through resequencing of 240 DNA samples obtained from the Coriell Cell Repository. Of these samples, 60 each were from African-American, Caucasian-American, Han Chinese American, and Mexican-American subjects. All FPGS exons were resequenced, including splice junctions, as well as f1,000 bp of the 5 ¶-flanking region of the gene. WT Mit FPGS, R424C, and S457F variants differed significantly from WT Cyt (***, P < 0.0001; **, P < 0.01); (ii ), a representative Western blot for the 60 to 61 kDa FPGS variant allozymes normalized to the GFP (27 kDa). B, substrate kinetics for FPGS allozymes normalized to concentration of GFP in the protein extract. (i ), methotrexate (MTX ) as substrate (points, mean of four observations; bars, SE); (ii ), glutamic acid as substrate (points, mean of three observations; bars, SE); (iii ), pemetrexed at a saturating concentration of 100 nmol/L, normalized to GFP level (columns, mean of three observations; bars, SE). The WT Mit, R424C, and S457F enzyme velocities were significantly reduced compared with WT Cyt (*, P < 0.05; **, P < 0.01).
Genetic Variation in FPGS
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Approximately 974,400 bp of the DNA sequence was analyzed as a result of resequencing these 240 DNA samples. Thirty-four polymorphisms were observed, 29 of which have not been previously reported ( Fig. 1A; Table 1 ). Twenty-one of the SNPs were ''common'', with allele frequencies of >1% in at least one ethnic group and one SNP was common to all four populations. There were large differences among these ethnic groups both in allele frequency and type, with 20 polymorphisms in AfricanAmerican DNA, 10 in DNA samples from Caucasian-American subjects, 7 in Han Chinese-American subjects, and 14 in DNA from Mexican-American subjects. Twelve specific polymorphisms were observed only in the African-American population, one in Caucasian-American subjects, five in Han Chinese-American subjects, and four in Mexican-American subjects. We also determined ''nucleotide diversity, '' a quantitative measure of genetic variation, adjusted for the number of alleles studied. Two standard measures of nucleotide diversity are p, average heterozygosity per site, and u , a population measure that is theoretically equal to the neutral mutation variable (25) . These values are listed in Table 1 , with the African-American subjects showing greater nucleotide diversity than the other groups. In addition, values for Tajima's D, a test of the ''neutral'' mutation hypothesis (23) , were estimated for each population (Table 1) . Under conditions of neutrality, Tajima's D should equal 0. The negative values for Tajima's D (Table 1) , suggest a departure from neutrality; however, the P values were >0.05 and therefore not significant, except for the MexicanAmerican group (P = 0.051), which is suggestive of a trend towards departure from the neutral hypothesis.
Five nonsynonymous cSNPs, polymorphisms that altered the encoded amino acids, were observed: F13L and V22I, which are present only in the mitochondrial form of FPGS, and R466/424C, A489/447V, and S499/457F, which are present in both mitochondrial and cytosolic forms of FPGS ( Fig. 1A ; Table 1 ). The SNPs resulting in F13L, V22I, and A489/447V have previously been observed (26) but no functional data has been published. The V22I polymorphism was very common, and was present in all of the populations with allele frequencies of 15% in African-American samples, 37.5% in Caucasian-American samples, 3.3% in Han Chinese-American samples, and 32.5% in Mexican-American samples. The F13L and S499/457F polymorphisms were only observed in the Mexican-American population, with allele frequencies of 0.8% and 1.7%, respectively. The R466/424C polymorphism was present only in the Caucasian-American subjects with an allele frequency of 0.8%, whereas the A489/447V polymorphism was present only in the Han Chinese-American subjects with an allele frequency of 0.8%.
LD and haplotype analysis. Haplotype information may be more useful than individual polymorphisms for application in association studies (27, 28) . We therefore did population-specific LD and haplotype analyses for the 34 SNPs that we observed in FPGS. For the LD analysis, D ¶ values were calculated for all pairwise combinations of SNPs. D ¶ values can range from 1.0, when two polymorphisms are maximally associated, to 0 when they are randomly associated (21, 22) . A graphical representation of the LD is depicted in Fig. 1B for D ¶ values with P V 0.05. Haplotypes can be determined unequivocally only if no more than one polymorphism in an allele is heterozygous, but it is also possible to infer haplotypes computationally (24) . Twenty-two unequivocal haplotypes were identified with a great deal of variation among the four ethnic groups studied ( Table 2 ). The inferred haplotypes are available upon request. Five haplotypes included the V22I polymorphism, the polymorphism that was common to all four populations. The major haplotype containing this polymorphism, designated as *1C, was the most common in CaucasianAmerican subjects at 34.8%. The *1C haplotype was present at a frequency of 10.8% in African-American subjects, 2.5% in Han Chinese-American subjects, and 29.1% in Mexican-American subjects. The S499/457F polymorphism was found in two separate haplotypes (*4A and *4B), both in the Mexican-American samples, with a frequency of 0.8%. The other polymorphisms, R466/ 424C (*2 haplotype) and A489/447V (*3 haplotype), occurred at a frequency of 0.8% in both Caucasian-American and Han ChineseAmerican subjects.
Recombinant allozyme protein expression. The functional significance of the three cytosolic FPGS nonsynonymous cSNPs that were discovered from gene resequencing was studied by expressing the cDNAs in AuxB1 cells. AuxB1 cells are an ideal system in which to study FPGS activity because they lack endogenous enzyme activity and must be supplemented with a source of nucleotides in the growth medium to compensate for this deficiency (29) . The cDNAs for the FPGS allozymes were cloned into a vector with a bi-cistronic expression cassette so that expression was upstream of GFP on the same mRNA. This allows for normalization of differences in transfection efficiency and mRNA stability. An NH 2 -terminal FLAG epitope was attached to allow for the detection and quantification of the immunoreactive protein. We focused on analyzing the variant cytosolic allozymes because previous studies had shown that methotrexate and its polyglutamate derivatives were not detected in the mitochondria (30) . The concentration of WT Cyt FPGS protein was f1.25 mg/mg of GFP as measured by ELISA ( Fig. 2A, i) , 3.4-fold higher than the mitochondrial form of the protein. Expression of the A447V variant was comparable to the WT Cyt form, whereas the R424C and S457F variants were reduced by 1.86-and 2.11-fold, respectively. This pattern of protein expression can be seen in the relative intensity of the 60-to 61-kDa bands of the Western blot in Fig. 2A (ii) .
Recombinant allozyme kinetics. To determine whether FPGS polymorphisms affect the ability of the allozymes to catalyze the addition of glutamate to pteroyl-glutamate, the in vitro activity of the variants was measured with different substrates. The MichaelisMenten kinetic plots for methotrexate and glutamic acid are shown in Fig. 2B (i and ii) . Methotrexate diglutamate was detected as the only product in both assays. The methotrexate Michaelis-Menten plots for the WT Cyt and the A447V allozymes seem to be quite similar, whereas the R424C and S457F variants have reduced activity (Fig. 2B, i) . The K m of methotrexate for the variant allozymes was not significantly different from that of the WT Cyt enzyme, whereas the apparent methotrexate V max for both the R424C and S457F variants were significantly reduced (Table 3) . More importantly, the intrinsic clearance (V max /K m ) of methotrexate was significantly reduced compared with WT Cyt for both the R424C (4.2-fold) and S457F (5.4-fold) allozymes (Table 3) . The difference between the allozymes is more dramatic when one examines the substrate kinetics of glutamic acid (Fig. 2B, ii) . The K m of glutamic acid in the R424C variant was increased 3.5-fold, whereas the apparent V max was reduced 3.4-fold (Table 3) , which resulted in a 12.3-fold decrease in intrinsic clearance of glutamic acid. The glutamic acid K m in the S457F variant was not significantly altered compared with WT Cyt, but the apparent V max was reduced 5-fold, which resulted in a 6.2-fold drop in intrinsic clearance of glutamic acid.
The R424C and S457F polymorphisms also influenced the enzyme activity with pemetrexed as a substrate (Fig. 2B, iii) . The velocities of the WT Mit, R424C, and S457F allozymes at 100 nmol/L of pemetrexed were significantly reduced compared with the WT Cyt form (Fig. 2B, iii) . Only saturating concentrations of pemetrexed (100 nmol/L) were used for this experiment because it was found that at low pemetrexed concentrations, the enzyme did not exhibit steady state kinetics due to the formation of high-affinity polyglutamates (data not shown).
Effect of polymorphisms on folate and antifolate activity in culture. Based on the in vitro kinetics of the allozymes, it was suspected that the presence of the R424C and S457F polymorphisms in FPGS may affect the metabolism and activity of folates and antifolates in cell culture. AuxB1 cells transfected with the variant FPGS cDNAs were grown in the presence of different concentrations of folic acid, methotrexate, or pemetrexed and cell growth/survival was measured by MTS assay (Fig. 3) . The folic acid dose-response curve for the A447V allozyme was very similar to that of the WT Cyt form, whereas the curves for the WT Mit, R424C, and S457F variants were shifted to the right (Fig. 3A) . This corresponds to an increase in the EC 50 for folic acid of 4.28-fold for the WT Mit protein, 4.32-fold for the R424C variant, and 4.28-fold for the S457F variant ( Table 3 ). The clonogenic survival of AuxB1 cells expressing these two polymorphisms was also reduced when grown in 2.2 Amol/L of folic acid [a(À)MEM without nucleosides] compared with WT Cyt (Fig. 3B) . Additionally, the activity of methotrexate was reduced in AuxB1 cells expressing the R424C and S457F allozymes, although the effect was not as dramatic as that seen for folic acid (Fig. 3C) . The IC 50 of methotrexate in cells expressing the R424C variant was 1.84-fold higher than in cells expressing WT Cyt FPGS, 1.64-fold higher in cells expressing the S457F variants, and 1.52-fold higher in cells expressing the WT Mit variant (Table 3) . Cells expressing the A447V allozyme also displayed a slightly higher IC 50 for methotrexate than for WT Cyt, but this difference was not significant. The reduced efficacy of methotrexate in the R424C and S457F variants is confirmed by measuring the formation of longchain polyglutamates during 24 h uptake of [ 3 H]methotrexate ( Supplementary Fig. S2 ). These experiments showed that these two variants accumulate a lower ratio of long-chain methotrexate polyglutamates (MTX-G7, MTX-G8, and MTX-G9) to short-chain polyglutamates (MTX-G4, MTX-G5, and MTX-G6) when compared with WT Cyt or A447V (Supplementary Fig. S2 ). The di-and triglutamates of methotrexate were not detected intracellularly after the 24-h incubation.
The dose-response curve for pemetrexed is shown in Fig. 3D and the results were similar to those seen with methotrexate. The greatest increase in the IC 50 of pemetrexed was seen in cells expressing the cytosolic S457F allozyme, which showed a 2.2-fold increase compared with cells expressing the WT Cyt enzyme ( Table 3 ). The R424C cytosolic variant displayed an increase in IC 50 of 1.9-fold with respect to the WT Cyt variant (Table 3) .
Discussion
The folate pathway is an important target for anticancer therapeutics, and FPGS is one of its key enzymes. Many folates and antifolates are metabolized to their polyglutamate form by this enzyme. Because polyglutamation results in dramatic increases in affinity for target enzymes, it is important to identify genetic variation in FPGS and determine its effect on the response of cancer patients to both antifolate therapy and folate supplementation. In this study, we have taken a systematic approach to identify polymorphisms in FPGS and then characterize their effect on the function of this enzyme. We observed 29 polymorphisms that have not been previously identified. Two of the five nonsynonymous cSNPs that were identified, R466/424C and S499/457F, are novel. The R424C polymorphism, when expressed in the cytosolic form of the protein, caused a reduction in the intrinsic clearance of glutamic acid and methotrexate, and an increase in the K m for glutamate compared with WT Cyt. The S457F polymorphism also caused a reduction in the intrinsic clearance for both glutamic acid and methotrexate; however, the K m for both substrates was not different from the WT Cyt values. Fig. S2 ). This same mechanism may also be responsible for the increase in IC 50 in these two variants when compared with WT Cyt that was observed with pemetrexed.
The crystal structure of human FPGS has not been solved, however, the structures of the Escherichia coli, Lactobacillus casei, and Mycobacterium tuberculosis proteins have been published (31) (32) (33) (34) . Human FPGS has been successfully modeled to the structure of the L. casei protein using homology modeling algorithms (17) . Therefore, to understand why alteration of R424C and S457F may cause these changes in FPGS kinetics, whereas the A447V substitution does not, we examined the SNP positions in the three-dimensional structure of human FPGS. This structure was generated by homology modeling to the published L. casei Figure 3 . Activity of folic acid, methotrexate, and pemetrexed in cells expressing FPGS allozymes. A , dose-response curve for folic acid (points, mean of three observations; bars, SE). B , clonogenic growth of AuxB1 cells transfected with FPGS variant cDNAs, and grown in a(À)MEM containing 2.2 Amol/L of folic acid. Cells transfected with WT Mit FPGS and the R424C and S457F variants produced 30%, 15%, and 30% fewer colonies, respectively, than those transfected with WT Cyt FPGS (*, P < 0.05, **, P < 0.01). Colony numbers are expressed as a percentage of colonies formed (columns, mean; bars, SE) compared with each variant grown in a(+)MEM. C, dose-response curve for methotrexate (points, mean of five observations; bars, SE). Inset, an expanded portion of the dose-response curve surrounding the IC 50 . D, dose-response curve for pemetrexed (points, mean of six observations; bars, SE). Inset, an expanded portion of the dose-response curve surrounding the IC 50 .
protein structure using the Swiss-Model resource (ref. 35 ; Supplementary Fig. S1 ). All three amino acids are positioned in the COOH-terminal domain of the protein, outside of the binding sites for glutamic acid, pteroyl-glutamate, and ATP (34) . Mutations near these substrate binding sites have been shown to abolish FPGS activity (36, 37) . Because neither R424, A447, nor S457 are in the vicinity of these substrate-binding sites, it is unlikely that these amino acid alterations would abolish enzyme activity. Amino acid substitutions in the C domain have been shown to reduce FPGS activity by varying degrees (16, 17) , so it is possible that the R424C and S457F substitutions, which are chemically dramatic alterations, could influence the threedimensional structure of FPGS enough to disrupt folate and/or glutamic acid binding, a change that was observed when their substrate kinetics were compared with the WT Cyt enzyme ( Fig. 2B; Table 3 ). Conversely, the A447V substitution is unlikely to affect enzyme activity given the fact that it is a chemically conservative substitution, resulting in properties that are similar to the WT Cyt enzyme ( Fig. 2B ; Table 3 ).
The C424 and F457 polymorphisms not only caused disruption of FPGS enzyme kinetics, but also caused a reduction in protein expression ( Fig. 2A) . The mechanism for this reduction is probably due to increased protein degradation or increased aggregation resulting from protein misfolding as has been implicated in numerous pharmacogenomic studies of SNPs (38) (39) (40) (41) . It is likely that the combination of reduced protein level and altered enzyme kinetics contribute to the increase in EC 50 for folic acid and IC 50 for both methotrexate and pemetrexed seen in AuxB1 cells expressing the Cys424 and Phe457 allozymes ( Table 3) .
The reduced efficacy of pemetrexed, methotrexate, and folic acid in cells expressing the R424C and S457F polymorphisms of FPGS are suggestive of pharmacogenomic implications in patients undergoing antifolate therapy. Patients with these genotypes may need higher doses of drug to reach the same level of intracellular polyglutamates as patients who have the WT genotype. Additionally, they may require higher doses of folic acid or leucovorin to reduce cytopenia. The R424C and S457F polymorphisms may also cause a reduction in the accumulation of long-chain antifolate polyglutamates, which may correlate with reduced efficacy in patients with these genotypes. In summary, we have systematically applied a genotype-to-phenotype strategy to study FPGS, a gene in the folate pathway that plays a critical role as an important target for anticancer therapeutics. The genomics and functional characterization will make it possible to correlate individual genetic variations with risk for toxicity and response to antifolate therapy and efficacy.
